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Report No. C-6  

SPACECRAFT COST ESTIMATION 

1. INTRODUCTION 

R e l i a b l e  c o s t  e s t ima tes  o f  f u t u r e  space programs are 

needed for  t h e  s e l e c t i o n  of optimum space  e x p l o r a t i o n  p l a n s ,  

f o r  program approval  and fo r  s a t i s f a c t o r y  budget ing and 

management. Previous  s t u d i e s  (Beverly,  Stone and Vickers  

1964, Beverly and Stone 1964) have developed e m p i r i c a l  cost  

e s t i m a t i o n  formulae based on s p a c e c r a f t  and subsystem weights .  

The root  mean squa re  percentage e r r o r  (RMSPE) i n  c a l c u l a t e d  

c o s t s  a s  compared w i t h  budgeted o r  a c t u a l  costs us ing  t h e  

most r e c e n t  formula was approximately + - 30 p e r c e n t  for  t h e  1 2  

programs cons ide red  and the model has subsequent ly  been used 

t o  provide  c o s t  estimates fo r  long range p lanning  purposes.  

The previous  s t u d i e s  r a i s e d  ques t ions  about  t h e  i n -  

f l u e n c e  on cost  o f  subsystems o t h e r  than telecommunications and 

d a t a  handl ing  on which t h e  model was based and about  t h e  

accuracy of p r e d i c t i o n s  f o r  f u t u r e  s p a c e c r a f t  which might i n -  

c o r p o r a t e  s i g n i f i c a n t  advances i n  technology and/or  be designed 

f o r  d i f f e r e n t  miss ion  p r o f i l e s .  

I I T  R E S E A R C H  I N S T I T U T E  
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This  s tudy  was undertaken t o  e s t a b l i s h  t h e  r e l a t i v e  

c o s t  s i g n i f i c a n c e  of  each  of t h e  s p a c e c r a f t  subsystems and t o  

f u r t h e r  i n v e s t i g a t e  t h e  accuracy w i t h  which a l i n e a r  model 

based on s p a c e c r a f t  weights  could be expected t o  p r e d i c t  f u t u r e  

s p a c e c r a f t  c o s t s .  A s  a r e s u l t  of  t h e  subsystem cost  s i g n i f i -  

cance i n v e s t i g a t i o n ,  a new l i n e a r  cost e s t i m a t i o n  equa t ion  w a s  

evolved which i n c l u d e s  t h r e e  subsystem weights  a s  parameters .  

This  equa t ion  y i e l d s  a s i g n i f i c a n t  r e d u c t i o n  i n  RMSPE and w a s  

employed i n  e v a l u a t i n g  p r e d i c t a b i l i t y .  

This  c o s t  e s t i m a t i o n  equa t ion  and previous e d i t i o n s  

were developed t o  p r e d i c t  only t h e  c o s t  r e l a t e d  t o  f a b r i c a t i n g  

a s p a c e c r a f t  w i t h  i t s  s c i e n t i f i c  payload. The equa t ion  does 

no t  p r e d i c t  c o s t s  r e l a t e d  t o  launch v e h i c l e s ,  o p e r a t i o n a l  

s u p p o r t ,  mission ground support  equipment and d a t a  a n a l y s i s .  

Although t h e  method does no t  i nc lude  a means f o r  e s t i m a t i n g  

t h o s e  c o s t s  mentioned above, it may be coupled w i t h  proven 

e s t i m a t i o n  techniques  f o r  such c a t e g o r i e s  t o  provide  t o t a l  

c o s t  e s t i m a t e s  fo r  f u t u r e  programs. 

Once t h e s e  t o t a l  c o s t  estimates have been e s t a b l i s h e d  

they  can  be u t i l i z e d  t o  determine c o s t - e f f e c t i v e n e s s  of f u t u r e  

miss ions  which w i l l  allow long range p l anne r s  t o  e v a l u a t e  t h e  

mix o f  missions for  t h e  exp lo ra t ion  o f  space  w i t h i n  given 

budget c o n s t r a i n t s .  I n  add i t ion  t h e s e  t o t a l  cost  e s t i m a t e s  

can provide  reasonable  e s t i m a t e s  f o r  budget requirements  and 

when used i n  conce r t  w i t h  cos t  p r o f i l e  techniques  w i l l  permit  

c o s t  p l anne r s  t o  budget i n d i v i d u a l  program c o s t s  on a y e a r l y  b a s i s .  

I l f  R E S E A R C H  I N S T I T U T E  
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2. INPUT DATA 

The e a r l i e r  s t u d i e s  had i n d i c a t e d  t h a t  t h e  d e f i n i t i o n  

o f  subsystem func t ions  and t h e r e f o r e  t h e  a l l o c a t i o n  o f  weights  

t o  t h e  va r ious  subsystems were no t  uniform throughout NASA and 

its contractors. Very  d e t a i l e d  weight  breakdowns w e r e  t h e r e -  

f o r e  o b t a i n e d  f o r  as many h i s t o r i c a l "  programs a s  p o s s i b l e  

diur ing t h e  i n i t i a l  phase o f  t h i s  e f f o r t .  These programs were: 

a 

11 

Ranger 1-5* Syncom T 

Ranger 6 - 9 ; k  OGO A - E ~  

Surveyor 1-7* IMP A-Co 

Mariner R2k IMP D-EO 

+ Mariner 64* R e  l a y  

Data s u p p l i e d  by: 
9; Gaylord E. Nichols ,  Jr. and Robert  Osborne, Je t  Propuls ion 

A C .  D. Ashworth - Program Manager, OGO - NASA Headquarters .  
o F. W .  Gaetano - Program Manager, IMP - NASA Headquarters .  
+ D. P. Rogers - Program Manager, Relay - NASA Headquarters .  
6 H. N. S t a f f o r d  - Program Manager, Syncom -NASA Headquarters .  

Labora tory ,  C a l i f o r n i a  I n s t i t u t e  o f  Technology. 

I I T  R E S E A R C H  I N S T I T U T E  
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i t -  
1. A s t a n d a r d  s e t  of f u n c t i o n a l  d e f i n i t i o n s  w a s  c o n s t r u c t e d  

and t h e  weights  w e r e  t hen  d i s t r i b u t e d  among t h e  s i x  subsystems 

s t r u c t u r e ,  p ropu l s ion ,  power, guidance and c o n t r o l ,  t e l e m e t r y  

and d a t a  handl ing ,  and experiments.  The d e f i n i t i o n s  and a 

program example a r e  given i n  Appendix A. It was d i f f i c u l t  t o  

de te rmine  completely unambiguous a l l o c a t i o n s  fo r  some weights  

Fr? s p i t e  of t h e  d e f i n i t i o n s  employed. These "er rors"  w i l l  give 

r i se  t o  an i n t r i n s i c  error i n  t h e  c o s t  estimates. 
# 

We have used NASA budgeted c o s t  in format ion  (NASA 1966) 

as t h e  b a s i s  f o r  comparison with c a l c u l a t e d  c o s t s .  S ince  a 

number of t h e s e  programs are  n o t  y e t  complete,  i t  i s  t o  be ex- 

pec ted  t h a t  a c t u a l  program c o s t s  w i l l  d i f f e r  from t h e  budgeted 

d a t a  used i n  t h i s  s tudy .  Past  expe r i ence  i n d i c a t e s  t h a t  i n -  

creases or  decreases  i n  c o s t s  o f  as much as t e n  t o  f i f t e e n  per- 

c e n t  cou ld  occur .  

3 .  ANALYSIS OF INDIVIDUAL SUBSYSTEM COST SIGNIFICANCE 

The BMD 0 2 R  computer code (UCLA 1964) which performs 

s t epwise  l i n e a r  r e g r e s s i o n  c a l c u l a t i o n s  was used t o  o b t a i n  a 

measure of  t h e  r e l a t i v e  s i g n i f i c a n c e  of  each  o f  t h e  s p a c e c r a f t  

subsystems w i t h  t h e  except ion of experiments.* The weight and 

c o s t  d a t a  f o r  t h e  programs were used t o  w r i t e  10 equa t ions  of 

+i It had p rev ious ly  been determined (Beverly and Stone 1964) 
t h a t  on t h e  average the  c o s t  p e r  pound o f  experiments  i s  ap- 
proximate ly  equa l  t o  t h e  c o s t  p e r  pound of t h e  remainder o f  
t h e  s p a c e c r a f t  and hence need no t  be cons ide red  e x p l i c i t l y  
i n  t h e  c o s t  c a l c u l a t i o n  fo r  a g iven  program. This  w a s  
v e r i f i e d  f o r  t h e  programs cons ide red  h e r e  (see Appendix B). 

I I T  R E S E A R C H  I N S l l T U T E  
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t h e  type  

- 'T (CS ws I- c w f Cpwr + CGC r.1 WGC t CTD idTD) (1) P P  'B - ws/c 
where 

= NASA's budgeted s p a c e c r a f t  c o s t  cB 
N = The number o f  complete s p a c e c r a f t  i n c l u d i n g  

f u l l  p ro to types ,  f l i g h t  s p a r e s  and f l i g h t  
m,odelc 

= The t o t a l  weight of t h e  s p a c e c r a f t  

= The weight  o f  t h e  s p a c e c r a f t  less experiments  

= The weight  o f  t h e  s t r u c t u r e  subsystem 

= The weight  o f  t h e  telecommunication and d a t a  

= The weight  of t h e  p ropu l s ion  subsystem 

wT 

' S / C  

' S  

'TD 

wP 

hand l ing  subsystem 

= The weight  o f  t h e  guidance and c o n t r o l  sub- 
system 

The weight  o f  t h e  power subsystem 

'GC 

'br 
= 

%D"S' 

'P' 'GC 
and C = The l i n e a r  r e g r e s s i o n  c o e f f i c i e n t s  f o r  t h e  Pwr subsystems inc luded  i n  t h e  equa t ion  w i t h  u n i t s  

o f  m i l l i o n s  of  d o l l a r s  p e r  pound 

where a l l  weights  are i n  pounds. 

a more r e a l i s t i c  a p p r a i s a l  o f  t h e  d i f f e r e n c e s  between budgeted 

and c a l c u l a t e d  c o s t s  t h e  term CMs (mission suppor t  cos t s )  has  

been e l i m i n a t e d  and, as de f ined  above, CB i s  budgeted space-  

c r a f t  c o s t  on ly .  

For  t h e  sake  of c l a r i t y  and 

I I T  R E S E A R C H  I N S T I T U T E  
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The computer program f i r s t  determines which subsystem 

weight  taken s i n g l y  w i l l  y i e l d  t h e  minimum sum o f  t h e  squared 

e r r o r s  ( d i f f e r e n c e  between c a l c u l a t e d  c o s t  and budgeted c o s t ) .  

The equa t ions  were normalized so t h a t  t h e  errors computed w e r e  

pe rcen tage  errors. This  i s  e s s e n t i a l  s i n c e  the costs of t h e  

space  programs involved  vary wide ly  and a s e l e c t i o n  based on 

abso lu te  errors will be heav i ly  weighted by t h e  h i g h  cost  pro- 

grams. The cor responding  c o e f f i c i e n t  i s  c a l c u l a t e d  f o r  t h e  

case where 
N W, 

Having s e l e c t e d  t h i s  subsystem, t h e  method then  se lec ts  t h e  

subsystem which w i l l  y i e l d  the l a r g e s t  e r r o r  r e d u c t i o n  when 

used i n  combination w i t h  the f irst  v a r i a b l e  s e l e c t e d ,  i . e . ,  

The c o e f f i c i e n t s  C1 and C2 a r e  determined f o r  t h i s  equat ion .  

The process  i s  cont inued u n t i l  a l l  subsystems have been i n -  

c luded .  The o rde r  o f  s e l e c t i o n  is t h e r e f o r e  an  i n d i c a t i o n  o f  

t h e  i n f l u e n c e  of a subsystem on t h e  accuracy of t h e  cost  

e s t i m a t i o n  assuming, of course ,  a l i n e a r  cost model w i t h  

independent  v a r i a b l e s .  

Table  1 shows t h e  r e l a t i v e  s i g n i f i c a n c e  of t h e  sub- 

systems and t h e  r o o t  mean square percentage  e r r o r  a s s o c i a t e d  

w i t h  each  s t e p  o f  t h e  c a l c u l a t i o n .  

I I T  R E S E A R C H  I N S T I T U T E  
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Table 1 

REUiTI'VZ COST SIGNIFICANCE 
OF SPACECRAFT SUBSYSTEMS 

~~~~~ ~ 

Subsystem i n  Order o f  Root Mean Square 
Decreasing S i g n i f i c a n c e  Percentage Error  

~~ 

Telecommunications and Data Handling + - 38% 
S t r u c t u r e  p l u s  TD 
Propuls ion  p l u s  TD and S 

- + 27% 
+ - 18% 

Guidance and Cont ro l  p lus  TD, S and P + - 15% 
Power p l u s  TD, S ,  P and GC + 15% 

4 .  MULTIVARIABLE COST ESTIMATION MODEL 

It i s  very apparent  from t h e  r e s u l t s  shown i n  Table  1 

t h a t  i n c l u s i o n  of more than  one subsystem can e f f e c t  subs tan-  

t i a l  r e d u c t i o n s  i n  t h e  RMSPE. W e  t h e r e f o r e  dec ided  t o  develop 

a m u l t i v a r i a b l e  model before  proceeding t o  t h e  p r e d i c t a b i l i t y  

q u e s t i o n  so t h a t  t h e  b e s t  model would be used i n  t h a t  s tudy .  

The u s e  of s e v e r a l  v a r i a b l e s  r e q u i r e s  t h a t  more d a t a  be de r ived  

t o  u t i l i z e  t h e  model. It i s  t h e r e f o r e  d e s i r a b l e  t o  achieve  a 

ba lance  between t h e  number of parameters  and t h e  va lue  of t h e  

RMSPE. From Table 1 i t  can be seen  t h a t  a model u s ing  j u s t  t h e  

f i r s t  t h r e e  subsystems (TD, S and P) can provide  a l eve l  o f  ac-  

curacy  n e a r l y  a s  good as a f i v e  parameter  model. To f u r t h e r  

v a l i d a t e  t h e  cho ice  of  t h e s e  t h r e e  subsystems a s  t h e  b e s t  f o r  

model purposes ,  numerous o t h e r  groupings o f  t h r e e  subsystems 

were t r i e d .  The RMSPE f o r  a l l  groupings t e s t e d  w e r e  h i g h e r  t han  

f o r  t h e s e  t h r e e ,  TD, S and P.  Examination of t h e  p a r t i a l  

I I T  R E S E A R C H  I N S T I T U T E  
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c o r r e l a t i o n  c o e f f i c i e n t s ,  which are c a l c u l a t e d  as p a r t  of  t h e  

computer program, s u g g e s t s  a f u r t h e r  s i m p l i f i c a t i o n .  These co- 

e f f i c i e n t s ,  which a r e  shown i n  Table  2 ,  numer ica l ly  i n d i c a t e  

t h e  interdependence of any two v a r i a b l e s  used i n  t h e  equa t ion .  

The r e l a t i v e l y  h igh  c o r r e l a t i o n  (0.87) between telecommunica- 

t i o n s  and d a t a ,  and s t r u c t u r e  as compared t o  t h e  c o r r e l a t i o n  of 

Table 2 

CORRELATION MATRIX - T E N  PROGRAMS 

TD S P 

TD 1.0 0.87 0 . 3 3  
S 0.87 1.0  0 .39  
P 0 . 3 3  0 . 3 9  1.0 

p ropu l s ion  w i t h  e i t h e r  telecommunications and d a t a  (0 .33 )  or  

s t r u c t u r e  (0.39) sugges t s  t h e  p o s s i b i l i t y  t h a t  t h e  weights  f o r  

t h e  f i r s t  two subsystems might be combined w i t h  on ly  nominal 

i n c r e a s e  i n  e r ror .  Ca lcu la t ions  f o r  t h e  equa t ion  

N W, 
( 4 )  

w e r e  performed and gave a RMSPE of - + 19 pe rcen t .  

was judged t o  be adequate  and t h i s  model w a s  adopted  for  a l l  

Th i s  accuracy 

remaining s t u d i e s  . 
It should be s t r e s s e d  t h a t  t h e  c o e f f i c i e n t s  and sub- 

s y s t e m  weights  y i e l d  an estimate of  t o t a l  s p a c e c r a f t  c o s t s  and 

t h e  i n d i v i d u a l  terms should n o t  be cons t rued  as expres s ing  t h e  

c o s t  o f  a p a r t i c u l a r  subsystem. 
I I T  R E S E A R C H  I N S I I I U T E  

8 



I 
I 

I 
8 

5 .  PREDICTABILITY 

The 10 programs on  which our  ana lyses  have been based 

a r e s t a t i s t i c a l l y  very  s m a l l .  F u r t h e r ,  as a r e s u l t  o f  advances 

i n  technology,  it is  p o s s i b l e  t h a t  a f u t u r e  program could  no t  

be cons ide red  as a member of t h e  popula t ion  used t o  determine 

t h e  c o e f f i c i e n t s  of t h e  m o d e l .  The re fo re ,  a q u e s t i o n  arises 

as tn the confidence whLch can be placed  in the c o s t  estimates 

o f  programs o t h e r  t han  the t e n  used he re .  Thus w e  have con-  

s i d e r e d  p r e d i c t a b i l i t y  i n  more d e t a i l .  

The programs w e r e  examined t o  see i f  t hey  inc luded  

s u f f i c i e n t l y  d i v e r s e  t y p e s  of  s p a c e c r a f t  t o  c o n s t i t u t e  a good 

sample. Indeed, t h e r e  i s  a wide range o f  a l l  t h e  r e l e v a n t  

parameters ;  t o t a l  c o s t ,  t o t a l  weight ,  type  o f  miss ion ,  e tc .  

The range of subsystem makeup i s  i l l u s t r a t e d  i n  Table  3 which 

c o n t a i n s  percentage  weight  o f  each of  t h e  subsystems for  t h e  

10 programs. The t i m e  span covered  by t h e s e  programs i s  s u f -  

f i c i e n t l y  long t o  have included both advanced technology and 

i n f l a t i o n a r y  t r e n d s .  

To more q u a n t i t a t i v e l y  e s t a b l i s h  t h e  conf idence  w i t h  

which t h i s  model may be used t o  e s t i m a t e  c o s t s  for  o t h e r  pro- 

grams, t h e  most heterogeneous group o f  7 programs was s e l e c t e d .  

Data fo r  t h e  7 programs a r e  g iven  i n  Table  4 t o g e t h e r  w i t h  

d a t a  f o r  t h e  remaining t h r e e  programs. 

The seven programs were used i n  t h e  l i n e a r  r e g r e s s i o n  

computer code t o  o b t a i n  t h e  c o e f f i c i e n t s  f o r  E q .  4(rounded t o  

two s i g n i f i c a n t  f i g u r e s )  y i e l d i n g  

I I T  R E S E A R C H  I N S T I T U T E  
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( 5 )  

The r o o t  mean square  error f o r  t h e  7 programs was - + 14 pe rcen t .  

Equat ion 5 was then u s e d  t o  "p red ic t "  t h e  c o s t  of t h e  remaining 

3 programs w i t h  t h e  resu l t s  shown i n  Table  5 and Figure 1. The 

r o o t  mean square  e r r o r  of 31 percen t  of t h e  p r e d i c t e d  programs 

t o g e t h e r  w i th  t h e  range  of i n d i v i d u a l  e r r o r s  i s  an  i n d i c a t i o n  

t h a t  s a t i s f a c t o r y  p red ic t ions  can be made. Fu r the r  v e r i f i c a -  

t i o n  would be d e s i r a b l e  and can be achieved by e s t i m a t i n g  c o s t s  

f o r  programs no t  considered i n  t h i s  a n a l y s i s .  This s t e p  w i l l  

be taken as soon a s  a d d i t i o n a l  d a t a  a r e  a v a i l a b l e .  

W e  conclude t h a t ,  u n l e s s  t h e r e  a r e  very major changes 

i n  t h e  technology o r  c o n c e p t s  of  f u t u r e  s p a c e c r a f t ,  t h i s  model 

can be expected t o  y i e l d  usable c o s t  e s t i m a t e s  f o r  new programs. 

P e r i o d i c  r e v i s i o n  of t h e  c o e f f i c i e n t s  us ing  a d d i t i o n a l  h i s t o r i -  

c a l  program d a t a  a s  it becomes a v a i l a b l e  can probably se rve  t o  

keep t h e  model t i m e l y .  

I I T  R E S E A R C H  I N S T I T U T E  
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FiGURE 1. COMPAriSiGN O F  CALCULATED SPACECRAFT COSTS 
WFTH NASA BUDGETED SPACECRAFT COSTS 
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6 .  SUBSYSTEM DATA REQUIREMENTS 

The r e s u l t s  d i scussed  i:: t h e  p r e v i ~ u s  secti~xs  ere 

o b t a i n e d  us ing  subsystem weights de r ived  from d e t a i l e d  weight  

and ba lance  c h a r t s  and a reasonably  uniform se t  of  f u n c t i o n a l  

d e f i n i t i o n s  as mentioned i n  Sec t ion '  2. 

D e t a i l e d  weights  w i l l  i n  g e n e r a l  n o t  be a v a i l a b l e  for  

mis s ions  i n  t h e  e a r l y  s t a g e s  of advanced p lanning .  Cur ren t ly  

such informat ion  is  o f t e n  obta ined  on ly  w i t h  d i f f i c u l t y .  Also,  

an unambiguous d e s c r i p t i o n  of subsystem f u n c t i o n s  would be 

d i f f i c u l t  t o  w r i t e ,  ve ry  long and probably would not  be widely 

accep ted .  

W e  t h e r e f o r e  a p p l i e d  a nominal se t  o f  d e f i n i t i o n s  t o  

' t h e  summary t y p e  of weight da t a  c u r r e n t l y  con ta ined  i n  Program 

Development P lans  (PDPs) t o  o b t a i n  weights  more c l o s e l y  cor- 

responding  t o  those  a v a i l a b l e  fo r  long range p lanning .  These 

d e f i n i t i o n s  a r e  conta ined  i n  Appendix A t o g e t h e r  w i t h  i l l u s -  

t r a t i v e  PDP d a t a  and t h e  der ived  subsystem weights  for  a 

t y p i c a l  program. Weights ob ta ined  i n  t h i s  f a sh ion  w e r e  u t i l i z e d  

i n  a r e c a l c u l a t i o n  of t h e  c o e f f i c i e n t s  based on t h e  same 7 pro- 

grams. The gross weight  d a t a  used are g iven  i n  Table  6 .  

Estimated costs f o r  t h e  t h r e e  programs w e r e  c a l c u l a t e d  

us ing  t h e s e  c o e f f i c i e n t s  and t h e  gross weights .  

are summarized i n  Table  7 and are compared t o  t h e  r e s u l t s  de- 

The r e s u l t s  

r i v e d  us ing  d e t a i l e d  weights .  

I I T  R E S E A R C H  I N S T I T U T E  
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7 .  CONCLUSIONS 

The r e l a t i v e  c o s t  s i g n i f i c a n c e  of t h e  s p a c e c r a f t  sub- 

s y s t e m s  i n  a l i n e a r  r eg res s ion  model has  been e s t a b l i s h e d .  

Telecommunications and Data Handling i s  t h e  most important  

s ing le  f a c t o r  a s  prev ious ly  determined but  s t r u c t u r e  and pro- 

pu l s ion  are also s i g n i f i c a n t .  Based on t h i s  a n a l y s i s ,  an i m -  

proved c o s t  e s t ima t ion  equat ion has been developed. 

- -  I 0.038 (Ws + WTD) + 0.023 (W,) . 

The number of  space programs on which t h e  model i s  based 

i s  very  l i m i t e d .  However, t h e  d i v e r s i t y  of  t h e s e  programs, t h e  

span of  t i m e  over which these  programs w e r e  pursued and t h e  

W P E  f o r  t h r e e  programs "predicted" i n d i c a t e  t h a t  one should 

expec t  e r r o r s  of 50 pe rcen t  o r  less with 90 pe rcen t  p r o b a b i l i t y  

and e r r o r s  of  25 percent  o r  less w i t h  60 percent  p r o b a b i l i t y .  

This  model can e a s i l y  provide  c o s t  estimates f o r  long 

range planning purposes u s i n g  program l e v e l  information and can 

also s e r v e  a s  a check on more d e t a i l e d  e s t i m a t e s .  

The d a t a  a v a i l a b l e  and t h e  adequacy of t h e  model developed 

do no t  appear  t o  j u s t i f y  a d d i t i o n a l  e f f d r t  t o  a l t e r  o r  f u r t h e r  

r e f i n e  t h i s  approach for a t  least a yea r  o r  more. However, i t  

w i l l  be  i n s t r u c t i v e  t o  apply the method t o  t h e  s e v e r a l  programs 

which w i l l  r each  o r  c l o s e l y  approach completion i n  t h e  next  year  

o r  so.  Use of t h e  model on such programs as t h e  Lunar O r b i t e r ,  

Pioneer  and OAO should provide a d d i t i o n a l  d a t a  on t h e  sp read  o f  

p r e d i c t i o n s  and hope fu l ly ,  f u r t h e r  i n c r e a s e  confidence i n  t h e  model. 
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Appendix A 

SUBSYSTEM WEIGHT - DEFINITION, APPLICATION 
AND EFFECTS OF VARIATION I N  APPLICATION 

The purpose of t h i s  appendix i s  t o  p re sen t  t h e  d e f i n i -  

t i o n s  by which w e  a r r i v e d  a t  the i n p u t  weight  d a t a  t o  t h e  

equa t ion .  

w e  have chosen t h e  program Mariner R (Program Development Plan 

1961) .  The d a t a  i n  t h e  t a b l e  have been a l l o c a t e d  t o  each sub- 

To i l l u s t r a t e  t h e  a p p l i c a t i o n  of  t h e  d e f i n i t i o n s  

- 

system i n  accordance wi th  t h e  d e f i n i t i o n s  w i t h  t h e  r e s u l t s  

shown i n  Table  A-2 ,  Subsystem Weights Derived from Input  Data 

and D e f i n i t i o n s .  It should b e  noted t h a t  t h e  i l l u s t r a t i o n  

does not  t r u l y  r e p r e s e n t  many of t h e  s u b t l e t i e s  involved i n  

p rope r ly  determining t h e  a l l o c a t i o n  of a l l  s p a c e c r a f t  components. 

For example t h e  Ranger 3-9 s p a c e c r a f t  weight  d i s t r i b u t i o n  c h a r t  

l i s t e d  t h e  e n t i r e  383 lb RCA TV system as t h e  exper imenta l  pay- 

load .  This  i s  an erroneous experiment weight  and w e  t h e r e f o r e  

ob ta ined  a d e t a i l e d  breakdown o f  t h e  system from RCA. From 

t h e  breakdown we  w e r e  a b l e  t o  p rope r ly  a l l o c a t e  t h e  TV s y s t e m  

t o  f o u r  subsystems. 

I l f  R E S E A R C H  I N S T I T U T E  
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Table A - 1  

SAMPLE PROGRAM LEVEL INPUT DATA 

M a r i n e r  R Weight L i s t ing*  

Subsys tern 

Trans ponder 

Antenna 

Command 

Weight A l l o c a t i o n  
(pounds ) 

20.20 

19.81 

9.50 

C e n t r a l  computer and sequencer  10.95 

Data encoder  15.29 

A t t i t u d e  c o n t r o l  

S t r u c t u r e  

Ac tua to r s  

Pyro technics  

Motion senso r s  

S p a c e c r a f t  w i r i n g  

P ropu l s ion  (dry)  

Thermal c o n t r o l  

55.81 

83.00 

3.40 

3.75 

1 . 3 3  

33.00 

23.00 

14-30  

Contingency 1.59 

* Char t  e x t r a c t e d  from Mariner R program Develop- 
ment P lan  12/31/61,  Je t  Propuls ion  Laboratory.  



Mariner R Subsystem Weights 

Structure Subsystem 

S t r u c t u r e  
Actua tors  
Pyrotechnics  
Spacec ra f t  w i r ing  
Thermal c o n t r o l  
Contingency 

Telemetry and Data Handling Subsystem 

Transponder 
Antenna 
C e n t r a l  computer and sequencer  
Command 
Data encoder 

Weigh-s 
( l b s )  

83.00 
3.40 
3.75 

33.00 
14.30 

1.59 

T o t a l  139 . 04 

20.20 
19.81 
10.95 

9.50 
15.29 

Propuls ion  Subsystem 

Propuls ion (d ry )  

Guidance and Con t ro l  Subsystem 

A t t i t u d e  c o n t r o l  
Motion senso r s  

Total  

T o t a l  

75.75 

23.0 

55.81 
1.33 

Power Subsystem 

Power 

Experiment Subsystem 

Space Science 

Total  57.14 

T o t a l  99.89 

T o t a l  42.10 

Grand T o t a l  436.92 l b  



To f u r t h e r  i l l u s t r a t e  t h e  i n f l u e n c e  of v a r i a t i o n s  i n  

weight d a t a  o r  a l l o c a t i o n  on t h e  accuracy of  e s t i m a t i n g  space-  

c r a f t  c o s t  w e  a r b i t r a r i l y  introduced a 5,  10 and 15 pe rcen t  

change i n  selected subsystems us ing  Mariner R da t a .  The effects 

of  these changes are shown i n  Figure A-1.  

SPACECRAFT SUBSYSTEM DEFINITIONS 

To arr ive a t  t h e  weights  inc luded  i n  t h e  equat ion ,  t h e  

t o t a l  weight  of a s p a c e c r a f t  should be a l l o c a t e d  t o  t h e  s i x  

s p a c e c r a f t  subsystems i n  accordance w i t h  t h e  d e f i n i t i o n s  t h a t  

fo l low.  Gross estimates made bear ing  t h e s e  d e f i n i t i o n s  i n  mind 

c a n  be used f o r  h i g h l y  conceptual  des igns  w i t h  a t t e n d a n t  loss i n  

conf idence  l e v e l s  . 
S t r u c t u r e  Subsystem (W,) 

Inc ludes  b a s i c  s t r u c t u r e ,  temperature  and thermal  con- 

t r o l ,  ha rnesses ,  c a b l i n g  

wi r ing ,  etc.  

weight  in format ion  most commonly a v a i l a b l e .  

p o s s i b l e ,  d e t a i l e d  weight  information should be ob ta ined  i n  

o r d e r  t h a t  t h e s e  i t e m s  can be sepa ra t ed  from subassemblies  t h a t  

are a s s igned  t o  one of t h e  o t h e r  f i v e  subsystems. 

mounting, hardware,  pyro technics ,  

Many of  t h e s e  i t e m s  are r a r e l y  d i s t i n c t  i n  t h e  

Therefore ,  whenever 

Propuls ion  Subsystem (W,) 

Inc ludes  motors and t h r u s t e r s  wi th  t h e i r  mechanical  ar-  

rangements,  v a l v e s ,  t anks  and p i p e l i n e s  which maneuver o r  

s t a b i l i z e  t h e  s p a c e c r a f t .  

mounting p rov i s ions  and e l e c t r o n i c  sens ing  and c o n t r o l  equipment. 

It excludes p r o p e l l a n t ,  o r d i n a r y  

I 



I 
1. 
I 

Guidance and Control  Subsystems (WGc) 

Cons is t s  of equipment necessary f o r  a t t i t u d e  sens ing ,  

scanning,  s e l e c t i o n  of f l i g h t  pa th  and de termina t ion  of co r rec -  

t i o n  of p o s i t i o n  error. 

and a t t i t u d e  subsystem, senso r s ,  f l i g h t  c o n t r o l ,  pneumatic and 

d e t e c t i o n  system and a l t i m e t e r .  Excluded a r e  engines  used f o r  

S p e c i f i c a l l y  inc ludes  s t a b i l i z a t i o n  

s t a t i o n  keeping o r  a t t i t u d e  c o n t r o l .  

Telecommunications and Data Handlinp Subsystem (WTD) 

Cons is t s  of equipment which on r e c e i v i n g  d a t a  from t h e  

experimental  payload al lows percept ion ,  i n t e r p r e t a t i o n ,  record-  

i n g ,  and two-way communication of d a t a .  S p e c i f i c  equipment in -  

c luded  antenna assembl ies ,  da ta  encoders ,  decoders,  c e n t r a l  

computer and sequencer ,  t ransponders ,  command and c o n t r o l  

s y s t e m s ,  d a t a  automation and s t o r a g e ,  r eco rde r s  ,. readout  s y s t e m s ,  

and receivers. Excludes r a d i o  frequency equipment used prim- 

a r i l y  a s  an experiment.  

Power Subsystem (Wpwr) 

Cons is t s  of equipment necessary  t o  supply and cond i t ion  

power t o  t h e  s p a c e c r a f t  subsystems. 

s o l a r  cells  and pane l s ,  b a t t e r i e s ,  RTG s y s t e m s ,  conve r t e r s  and 

i n v e r t e r s ,  r e g u l a t o r s ,  t ransformers ,  and charges.  It excludes 

mounting p rov i s ions  and s t r u c t u r e s  which can be i d e n t i f i e d  f o r  

i n c l u s i o n  i n  t h e  s t r u c t u r e  subsystem. 

It s p e c i f i c a l l y  inc ludes  

Experiment Subsystem (W ) 

Cons i s t s  of a l l  experiments and equipment whose primary 
EXP 

purpose i s  t o  provide s c i e n t i f i c  in format ion .  

of raw power, booms, major po in t ing  p l a t fo rms ,  sequencing equipment, 

d a t a  handl ing  equipment, mounting p rov i s ions  and s t r u c t u r e .  

It excludes sources  

I l l  R E S E A R C H  I N S T I T U T E  
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Appendix B 

COST ESTTXTION RELATIONSHIPS 
OF EXPERIMENTS AND SPACECRAFT 

E a r l y  a t tempts  t o  e s t ima te  c o s t s  f o r  space programs 

w e r e  h igh ly  unsuccessfu l  on an i n d i v i d u a l  b a s i s ,  Included i n  

t h e s e  a t tempts  were p l o t s  of program d o l l a r s  pe r  pound versus  

such parameters  a s  s p a c e c r a f t  weight ,  experiment weight ,  and 

number o f  f l i g h t  u n i t s .  

w a s  t h e i r  i ncons i s t ency ,  bu t  t h e s e  e a r l y  s t u d i e s  l e d  t o  two 

impor tan t  conclus ions ,  F i r s t ,  t h e  non-spacecraf t  c o s t s  such 

a s  ground ope ra t ions  and da ta  a n a l y s i s  which v a r i e d  subs tan-  

t i a l l y  from program t o  program due i n  p a r t  t o  account ing  

methods should be t r e a t e d  sepa ra t e ly .  

c o s t s  are c o n t r o l l e d  by t h e  major subsystems and experiments  

rather than  g ross  f e a t u r e s  such a s  t o t a l  weight  and mission 

The ou t s t and ing  f e a t u r e  o f  t h e s e  p l o t s  

Secondly,  t h e  s p a c e c r a f t  

d i s t a n c e  . 
With t h e s e  two f a c t s  i n  mind p lus  cost d a t a  on var ious  

programs made a v a i l a b l e  i n  1963, t h e  f i r s t  ev idence  of  d a t a  

c o r r e l a t i o n  came when t h e  percentage of c o s t  a t t r i b u t a b l e  t o  

t h e  s p a c e c r a f t  a lone  was t a b u l a t e d  toge the r  w i t h  the percentage  
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weight  i nves t ed  i n  t h e  spacec ra f t  less experiments ,  The s i m i -  

l a r i t y  of these  two Fractions ' indicated t h a t  on t h e  average 

t h e  c o s t  per  pound of s p a c e c r a f t  i s  e s s e n t i a l l y  t h e  same a s  

t h a t  p e r  pound of s c i e n t i f i c  experiment a l though t h e  t o t a l  

s p a c e c r a f t  c o s t s  may d i f f e r  g r e a t l y  from program t o  program, 

Table 1 summarizes the 1963 d a t a  and shows t h a t  on t h e  

average t h e  percentage of program c o s t  a t t r i b u t a b l e  t o  t h e  

s p a c e c r a f t  a lone  is  w i t h i n  f i v e  pe rcen t  of t h e  percentage of  

t h e  weight  a t t r i b u t a b l e  t o  the  s p a c e c r a f t .  It can be seen  t h a t  

most i n d i v i d u a l  programs do adhere t o  t h i s  r a t h e r  c l o s e l y .  

Table  2 and Table 3 c o n t a i n  s imilar  d a t a  compiled i n  1964 and 

1965 and f u r t h e r  s u b s t a n t i a t e s  t h e  c o r r e l a t i o n .  Therefore  i t  

appears  t h a t  f o r  purposes of e s t i m a t i n g  t o t a l  program c o s t s ,  

t h e  approximation t h a t  t h e  c o s t  per  pound of experiments  i s  

equal  t o  t h e  c o s t  pe r  pound o f  s p a c e c r a f t  can be used. 

This  approximation makes i t  p o s s i b l e  f o r  one t o  e v a l u a t e  

t o t a l  c o s t  on t h e  b a s i s  o f  s p a c e c r a f t  da t a  a lone  which i s  

p r e f e r a b l e  f o r  two reasons :  ( I )  information on t h e  c o s t s  and 

weight  of experiments i s  much more d i f f i c u l t  t o  o b t a i n ,  and 

(2)  a t o t a l  c o s t  e s t ima te  based on s p a c e c r a f t  d a t a  i s  l i k e l y  

t o  be less s e n s i t i v e  t o  such d e v i a t i o n s  as h igh  experiment 

c o s t s  a s s o c i a t e d  wi th  a p a r t i c u l a r  miss ion .  
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